Eurasia plate boundary is equivocal (Fig. 1 ). Geomorphologic studies demonstrate recent tectonic activity in the Rif (Morel and Meghraoui, 1996) and the Atlas Mountains (Gomez et al., 1996; Gomez et al., 2000) , and suggest that most of the present-day convergence is accommodated in the Rif-Betic-Alboran region.
Ideas to explain the striking topographical symmetry of the region as well as the apparently synchronous extension of the Alboran Sea and shortening of the Betic and Rif mountain belts during the Neogene and Quaternary are still widely debated. Current tectonic models for the Alboran domain include four broad categories of hypotheses: (1) backarc extension driven by the westward rollback of an eastward subducting slab (Royden, 1993; Lonergan and White, 1997; Gutscher et al., 2002; Faccenna et al., 2004) ;
(2) break-off of a subducting lithospheric slab (Blanco and Spakman, 1993) ; (3) crustal extrusion due to forces transmitted across the Eurasia-Africa plate boundary (Rebai et al., 1992) ; and (4) delamination and convective removal of the lithospheric mantle root beneath the collisional orogen (Platt and Vissers, 1989; Seber et al., 1996; Calvert et al., 2000) . Testing these hypotheses by confronting their predictions with the present-day deformation field suggests that a subcontinental lithospheric slab is currently delaminating and rolling back under the Rif Mountains. Hence, this paper provides additional constraints on the tectonics of the Alboran domain, as well as the dynamics of subduction processes.
GPS Observations and Data Processing
The GPS network includes 22 GPS survey points (observed in October 1999 (observed in October , 2001 (observed in October , 2002 (observed in October , and 2004 ) and 4 continuous GPS stations (CGPS, Fig. 2) . We analyze the GPS data using the GAMIT/GLOBK software in a two-step approach. The GPS solution Publisher: GSA Journal: GEOL: Geology Article ID: G22291 is realized in the ITRF2000 global reference frame, and then rotated into an Africa reference frame using 13 stations (see online supplement for details).
Active deformation of NW Africa
Figure 2 shows GPS velocities in an Africa-fixed reference frame. Uncertainties for survey sites are mostly < 1 mm/yr (1 sigma), and < 0.5 mm/yr for the 4 CGPS. The velocity uncertainties are large for two stations (BBFH, MDAR) near the epicenter of the Al Hociema earthquake because the cosesimic offsets break the time series. For the 13 sites located south of the Rif Mountains, GPS velocities are consistent with the motion of Africa at the 95% confidence interval (Fig. 2) . However, there is a systematic trend for baselines crossing the Atlas mountain system that indicate shortening normal to the strike of the range (0.4 ± 0.6 mm/yr and 1.0 ± 0.6 mm/yr in eastern and western High Atlas).
While these estimates are barely significant, they are consistent with the lower range of geological rates (~1-2 mm/yr, Gomez et al., 2000) . To illustrate better the motion of the Rif and the relation to hypothesized plate boundaries, in Figure 3 we plot the components of the GPS velocities normal and parallel to two profiles striking N20°E, roughly perpendicular to the direction of Eurasia-Africa relative motion (~N110°E) (see location on Fig. 2 ). For the western profile, the velocity Publisher: GSA Journal: GEOL: Geology Article ID: G22291
Page 5 of 14 component in the direction of Eurasia-Africa motion (i.e., normal to the strike of the profile) clearly shows the relative plate motion (Fig. 3a) , and no significant motion normal to the direction of relative plate motion (Fig. 3b) . We use an elastic block model, (Meade and Hager, 2005) , to investigate the consistency of the observed pattern of motion with the three hypothesized plate boundaries illustrated in Figure 1 . The width of the deformation zone across block boundaries depends on the assumed fault-locking depth. We use a locking depth of 15 km for all faults, in agreement with the maximum depth of the seismicity (Calvert et al., 1997; Stich et al., 2005) . Model results for the three plate boundary geometries illustrated in Figure 1 are shown in Figures 3a and 3b. In the westernmost Rif the GPS results are inconsistent with the plate boundary located south of the Rif (Bird, 2003) , and support models where the boundary passes either through the Gibraltar Strait (Klitgord and Schouten, 1986) or the Betic Cordillera (Gutscher, 2004) .
The sparse GPS results available for the Betics do not allow us to distinguish between these two proposed boundaries. The models predict no significant motion normal to the direction of relative plate motion (N20°E), consistent with the GPS observations.
The second, more eastern profile crosses the central Rif (Fig. 2) . As for the western profile, Eurasia/Africa relative motion is apparent (Fig. 3d ), but the component of velocity normal to the direction of relative plate motion shows anomalous deformation in the Alboran/Rif area (Fig. 3e) . None of the proposed plate boundary geometries can account for this anomalous motion. To account for this southward motion, we have developed a kinematic model including a central Rif block (Fig. 4) . As for the other block models shown in Figure 1 , we assign a 15 km locking depth to all block boundaries, (Fig. 1) . The Rif-Alboran block we propose is a combination of previously proposed northern and southern boundaries, capturing aspects of each of these prior interpretations. The predicted interseismic motion along the two profiles for this model is in good agreement with the GPS velocities (Fig. 3) . of an east dipping slab is also unable to account for the observed deformation since this model predicts westward motion of Gibraltar relative to Africa (Gutscher, 2004) , inconsistent with the well defined eastward motion of GPS sites in northwestern
Geodynamic Implications

Present-day motions indicated by GPS in northern Morocco
Morocco.
An alternate geodynamic model proposes that the subcontinental part of the lithosphere under the Alboran domain has been removed by active delamination. As pointed out by Platt et al. (2003b) , simple delamination would produce a radially symmetric pattern of surface deformation. Although GPS data are lacking in the Betics, the GPS velocity field indicates neither E-W nor N-S symmetry north of the Alboran Sea (Fig. 3e) .
The observed, southward directed motion of the central Rif, roughly normal to the direction of Africa-Eurasia relative plate motion, supports the hypothesis that subcrustal process are controlling the opening of the Alboran Sea and adjacent shortening in the Rif.
Based principally on the GPS results, the asymmetric deformation appears to be more indicative of a component of southward-directed slab roll back and associated N-S back Publisher: GSA Journal: GEOL: Geology Article ID: G22291
Page 8 of 14 arc opening (Fig. 3f ) than with simple symmetric delamination confined to the Alboran Sea region. The direction of roll back corresponds to the direction of motion of the inferred Rif block (SSW relative to Africa). Because the Rif-Alboran-Betic region is continental in character (Platt and Vissers, 1989) , the present-day slab is probably the mantle part of the continental lithosphere, which has become detached from the crust and is rolling back to the south, possibly due to the pull of an old slab (Faccenna et al., 2004) .
These results indicate that neotectonic deformation in the western Mediterranean, (Klitgord and Schouten, 1986) , green (Bird, 2003) , and blue (Gutscher, 2004) . Crustal earthquake focal mechanisms are from
Harvard catalog (magnitudes 5-6.5, 1976 -2005) . Crustal seismicity is from NEIC catalog crustal earthquakes with magnitudes from 3 -6.5 (1976 -2005) . MA = Middle predicted by elastic block models is shown for the three main hypothesized plate boundaries (Red = (Klitgord and Schouten, 1986) ; Green = (Bird, 2003) ; Blue = (Gutscher, 2004) , see Figure 1 for geometry). The thick pink line with a thin black line in the center is for a model with a central Rif block (see Figure 4 for geometry). c) and f) Topography and interpretative cross section along profiles 1 and 2. LVA = low velocity and high attenuation anomaly (Calvert et al., 2000; Seber et al., 1996) . CC = continental 
